Potato psyllid, Bactericera cockerelli ( Sulc) (Hemiptera: Triozidae), is a key pest of potato (Solanum tuberosum L., Solanales: Solanaceae) and a vector of "Candidatus Liberibacter solanacearum," the pathogen associated with zebra chip disease. In addition to its presence on cultivated crops, the psyllid regularly occurs on numerous uncultivated annual and perennial species within the Solanaceae. A better understanding of landscape-level ecology of B. cockerelli would substantially improve our ability to predict which potato fields are most likely to be colonized by infected psyllids. We developed three PCR-based methods of gut content analysis to identify what plant species B. cockerelli had previously fed upon. These methods included-1) sequencing PCR amplicons of regions of plant-derived internal transcribed spacer (ITS) or the chloroplast trnL gene from psyllids, 2) high-resolution melting analysis of ITS or trnL real-time PCR products, and 3) restriction enzyme digestion of trnL PCR product. Each method was used to test whether we could identify psyllids that had been reared continuously on potato versus psyllids reared continuously on the perennial nightshade, Solanum dulcamara. All three methods of gut content analysis correctly identified psyllids from potato and psyllids from S. dulcamara. Our study is the first to demonstrate that plant DNA can be detected in a phloem-feeding insect. Gut content analysis, in combination with other landscape ecology approaches, could help elucidate patterns in landscape-level movements and host plant associations of B. cockerelli.
The potato psyllid (aka, tomato psyllid), Bactericera cockerelli ( Sulc) (Hemiptera: Triozidae), is a vector of "Candidatus Liberibacter solanacearum," (¼Liberibacter psyllaurous) a pathogen associated with zebra chip disease of potato, Solanum tuberosum L. (Solanales: Solanaceae) (Hansen et al. 2008 , Liefting et al. 2008 ). The first outbreak of zebra chip disease in the potato-growing region of the Pacific Northwest (U.S. states of Washington, Oregon, and Idaho) occurred in 2011. Prior to this 2011 outbreak, the presence of B. cockerelli was rarely reported and of little importance to potato growers in this region (Horton et al. 2015a ). Consequently, published knowledge of psyllid overwintering ecology and host plant associations in the Pacific Northwest is limited. This lack of information on the timing and source of infected psyllids entering fields of potato necessitates the use of calendar-based insecticide applications to manage psyllid populations. Better knowledge of post-winter ecology, host use, and landscape-level movements of B. cockerelli could improve predictions of which potato fields are most at risk of colonization by infected psyllids.
The ability of B. cockerelli to occur year-round in the Pacific Northwest appears to depend substantially upon the availability and use of wild or naturalized host plants in spring before the emergence of potato and in autumn after potato harvest (Horton et al. 2015a ). Three perennial weeds, Solanum dulcamara L., Lycium spp. (Solanales: Solanaceae), and Convolvulus arvensis L. (Solanales: Convolvulaceae), are known to support psyllid populations when potato is not available (Jensen et al. 2012 , Murphy et al. 2013 , Swisher et al. 2013a , Thinakaran et al. 2015 , Horton et al. 2015b ). Our understanding of host plant use by B. cockerelli is complicated by the co-occurrence of three mitochondrial haplotypes of the psyllid in the Pacific Northwest (Swisher et al. 2012) , which possibly differ in host-plant preferences. Psyllids of one haplotype, Northwestern, have been collected only in the Pacific Northwest and are common on S. dulcamara (Swisher et al. 2013a (Swisher et al. ,b, 2014 . In contrast, psyllids of the Western and Central haplotypes are not common on S. dulcamara in this region (Swisher et al. 2013a (Swisher et al. ,b, 2014 . Psyllids of the Western and Central haplotypes occur over broad geographical areas but do not readily overwinter on S. dulcamara (Swisher et al. 2013a , Nelson et al. 2014 . Instead, these haplotypes are thought to seasonally disperse to the Pacific Northwest from southern overwintering locations or overwinter on plants other than S. dulcamara (Nelson et al. 2014 , Horton et al. 2015a ). It is not yet known to what extent Lycium and C. arvensis are used as hosts by B. cockerelli, or whether preference for these hosts differ among psyllid haplotypes.
Although wild perennial hosts of B. cockerelli have been identified, we still do not know whether these host plants, or other as yet unidentified species, actually serve as important sources of infective psyllids colonizing fields of potato. Unfortunately, technology to address this issue is not currently available. Gut content analysis could provide a means of investigating the host plant associations of B. cockerelli populations under field conditions. PCR-based analysis of gut contents is commonly used to identify prey consumed by insect predators (Symondson 2002 , Harwood and Obrycki 2005 , Greenstone et al. 2007 , Weber and Lundgren 2009 , Zeale et al. 2010 ). On a more limited basis, molecular gut content analysis has also been used to identify host plants consumed by insect herbivores that feed by chewing mechanisms or that ingest fluids from macerated plant tissues (Fumanal et al. 2005 , Hereward and Walter 2012 , Kitson et al. 2013 , Wallinger et al. 2015 . Because phloem sap presumably lacks DNA, it is not clear whether gut content analysis is suitable for phloem-feeding insects such as B. cockerelli. However, potato psyllid and other psyllid species regularly probe within parenchyma tissues (Civolani et al. 2011 , Sandanayaka et al. 2014 , Mustafa et al. 2015 , so gut content analysis may be possible if B. cockerelli ingests cellular contents during parenchyma-associated stylet penetration activities.
The goal of our study was to determine whether host plant DNA can be detected within B. cockerelli, and to examine whether gut content analysis could be used to identify previous plant species that had previously been fed upon by the psyllid. We explored three PCRbased methods of gut content analysis-sequencing plant-derived PCR products from psyllids, high-resolution melting analysis of realtime PCR products, and restriction digestion of PCR products.
Materials and Methods

Plants and Insects
All plants were grown in a greenhouse with supplemental lighting to provide a photoperiod of 16:8 (L:D) h. Potato "Russet Burbank" was grown from pathogen-free seed tubers, and S. dulcamara was grown from shoot cuttings collected from wild plants located near Wapato, WA. Adult psyllids of the Western haplotype (Swisher et al. 2012) were obtained using an aspirator from separate colonies maintained on S. dulcamara or potato. The colonies were originally started from wild psyllids collected near Prosser, WA, and did not carry "Ca. Liberibacter solanacearum."
Primer Design, DNA Extraction, PCR, and Cloning
The cetryltrimethylammonium bromide (CTAB) precipitation method was used to purify DNA from each of three plants per species (Munyaneza et al. 2010) . Because the use of <500-bp regions of DNA can increase the sensitivity of gut content analysis (Atlas et al. 1992) , new PCR primers were designed to amplify short but variable regions of internal transcribed spacer (ITS) or the chloroplast trnL gene from host plants. Primers which amplify short regions of DNA are also necessary for real-time PCR and high resolution melting analysis. ITS primers were designed from sequences obtained using the universal primers ITS2F (ATG CGA TAC TTG GTG TGA AT) and ITS3R (GAC GCT TCT CCA GAC TAC AAT) (Chen et al. 2010) . PCR conditions included an initial denaturation step of 94 C for 5 min followed by 35 cycles of 94 C for 30 s, 56 C for 30 s, and 72 C for 45 s, followed by a final extension at 72 C for 10 min. Each 10-ml reaction contained Invitrogen Amplitaq Gold 360 PCR Master Mix (Invitrogen, Carlsbad, CA), 500 nM of each primer, and $75 ng of DNA template. PCR amplicons ($500 bp) were excised from gels, purified using GenElute minus EtBr spin columns (Sigma, St. Louis, MO), and were cloned using a TOPO TA cloning kit with TOP10 E. coli chemically competent cells (Invitrogen, Carlsbad, CA). Plasmid DNA was extracted from selected colonies using the QIAprep spin mini prep kit (Qiagen, Valencia, CA), and DNA clones were sequenced by MC Laboratories (MC Lab, San Francisco, CA). Primers for the chloroplast gene trnL were designed from overlapping GenBank sequences from potato (GenBank JF772170) and S. dulcamara (GenBank HM006840).
Primers for both ITS and trnL were designed using Primer 3 v.2.3.4 (Thornton and Basu 2011) from conserved regions flanking 100-200-bp regions with interspecific variation. Primers ITS174 (GCT GGC CTA AAT GCG AGT CC) and ITS294 (CGC AAT CAG GGT CTG GGA A) were used to amplify a 120-bp region of ITS. PCR conditions were the same as described for PCR using primer set ITS2F/ITS3R described above. Primers trnL575F (CGA CCC CCT TTC CTT AGC G) and trnL755R (TCG GGA ATC ATT CAA CTA GGG A) were used to amplify a 180-bp region of trnL. PCR conditions using primer set trnL575F/755R were 94 C for 10 min followed by 35 cycles of 94 C for 30 s, 60 C for 30 s, and 72 C for 35 s, followed by a final extension at 72 C for 10 min. To ensure that PCR primers amplified DNA from a wide-range of potential B. cockerelli plant hosts, PCR was performed on DNA from tomato, pepper, eggplant, C. arvensis, and Lycium species in addition to the target hosts, potato and S. dulcamara. To verify product identity, PCR products were excised from gels, TA cloned and sequenced as above. Sequences were analyzed using the BLASTn (Altschul et al. 1990 ) function on the NCBI website (www.ncbi.nlm. nih.gov, accessed 10 May 2016) and were aligned in Geneious 8 (www.geneious.com, accessed 10 May 2016; Kearse et al. 2012) from longer sequences from which primers were designed. The webbased application uMELT (www.dna.utah.edu/umelt/umelt.html, accessed 10 May 2016; Dwight et al. 2011 ) was used to predict variation among host plants in amplicon melt curves. Primer sets were chosen based on their ability to amplify variable sequences from host plants and based on variability in predicted melting behavior.
Gut Content Analysis by Gene Sequencing
Adult psyllids were obtained from separate colonies maintained on S. dulcamara or potato. Half of the psyllids were surface sterilized prior to molecular analysis by submersing the insects in 70% ethanol for 2 s, rinsing in deionized water for 2 s, submersing in 0.5% bleach for 1 min, and rinsing twice for 2 s in deionized water. The remaining psyllids were not surface-sterilized prior to the molecular analyses. The surface sterilization of a subset of psyllids was done to allow us to reject the hypothesis that a plant signal detected in nonsterilized psyllids was due to the presence of the plant DNA as a surface contaminant rather than as ingested plant DNA. DNA was purified from each psyllid using the CTAB method (Zhang et al. 1998 , Crosslin et al. 2011 . PCR was performed using the primer set for ITS174/294, or using the primer set trnL575F/755R (see the "Primer Design, DNA Extraction, PCR, and Cloning" subsection). Amplicons from six insects (three sterilized, three unsterilized) were excised, TA cloned, and sequenced as described in the "Primer Design" subsection. Sequences obtained from PCR using DNA from insects and plants were aligned using Geneious 8.0 to identify colony source of the psyllid (potato versus S. dulcamara).
In a separate study, psyllids were obtained from a colony reared on potato and transferred either to new potato plants or to S. dulcamara (six per plant species). Insects were collected from experimental plants after 1 wk to identify the source of ITS or trnL within psyllids. This study allowed us to determine whether multiple plant species can be detected from psyllids.
Gut Content Analysis by High-Resolution Melting Analysis
Real-time PCR using an Applied Biosystems 7900HT real time PCR system (Applied Biosystems, Waltham, MA) was performed using DNA from unsterilized insects reared on either potato or S. dulcamara. Each 20-ml reaction included 10 ml of MeltDoctor HRM Master Mix (Applied Biosystems), 1.2 ml of each primer (ITS174/ 294 or trnL575F/775R; final concentration of 300 nM), 20 ng template DNA, and nuclease-free water. Plant samples (10 ng of template DNA) were also included for controls. PCR conditions for amplification of ITS were 40 cycles of 95 C for 15 s and 56 C for 1 min. PCR conditions for amplification of trnL were 40 cycles of 95 C for 15 s and 60 C for 1 min. Melting analysis immediately followed real-time PCR. The thermal profile for the melting analysis included a denaturing step at 95 C for 10 s, and annealing step at 60 C for 1 min, a melting step at 95 C for 15 s with a 1% ramp rate, and a final annealing step at 60 C for 15 s. Fluorescence data were analyzed with the HRM software (Applied Biosystems). Melting curves associated with plants were used as controls to identify products from insects.
Gut Content Analysis by Restriction Enzyme Digestion
PCR was performed on DNA ($75 ng of template DNA) from unsterilized psyllids that had fed on either potato or S. dulcamara (five per host plant) using primers for trnL (trnL575F/755R). Plant samples (10 ng of template DNA) were included as controls. PCR products were purified from agarose gels using GenElute minus EtBr spin columns and digested using the restriction enzyme MwoI (New England BioLabs Inc. Ipswich, MA). Each 25-ml reaction consisted of 2.5 units of restriction enzyme, $10 ml of template DNA, 2.5 ml of 10Â CutSmart buffer, and 12 ml nuclease-free water. Reaction mixtures were incubated at 60 C for 15 min. Digested products were visualized on a 2% agarose gel stained with ethidium bromide. Restriction enzyme digestion was also performed separately on PCR products that were not gel-purified (12 per plant host).
Longevity of the Plant Signal
Yellow sticky cards (10 by 15 cm; Alpha Scents Inc, West Linn, OR) were held under psyllid-infested S. dulcamara or potato plants, and the plants were lightly tapped to dislodge adult psyllids directly onto the traps. The cards were then placed at room temperature directly under an incandescent lamp. Following either 24 h or 7 d, 10 psyllids per plant species and time interval were removed from cards using forceps for molecular analysis. Gut content analysis was done on individual unsterilized psyllids using the restriction digestion method as described in the "Gut Content Analysis by Restriction Enzyme Digestion" subsection. PCR products from psyllids were not gelpurified prior to restriction digestion.
Results
Gut Content Analysis by Gene Sequencing
PCR using primers ITS174/294 or trnL575F/755R produced visible amplicons from DNA template from all plant species (potato, S. dulcamara, tomato, pepper, eggplant, C. arvensis, and Lycium), and the sequences of PCR products varied among the plant species, thus providing a barcode for psyllid hosts. Visible amplicons of the predicted size for ITS or trnL were also observed following PCR using DNA from adult B. cockerelli reared on potato or S. dulcamara. Amplicons were observed from both surface-sterilized and unsterilized insects (Fig. 1) . Sequences of both ITS and trnL products (Fig. 2) from all insects reared continuously on potato or S. dulcamara aligned with those from host plants on which the psyllids were reared (Table 1A) .
In a separate study, psyllids reared on potato were transferred to either new potato plants or S. dulcamara for 1 wk before gut contents analysis. ITS and trnL products from potato were identified from psyllids transferred from the colony (potato) to new potato plants. However, products from both potato and S. dulcamara were identified from psyllids transferred from potato to S. dulcamara.
Gut Content Analysis by High Resolution Melting Analysis
Real-time PCR products of ITS and trnL from potato and S. dulcamara exhibited unique melting behaviors. Both ITS and trnL DNA sequences amplified from psyllids displayed melting behaviors consistent with the PCR amplicons from the respective host plants from which psyllids were collected (Fig. 3) . High-resolution melting analysis of ITS correctly identified previous host plant use by 80% of psyllids collected from potato and 100% of psyllids collected from S. dulcamara (Table 1B ; Fig. 3A ). Melting behaviors of ITS from 20% of psyllids collected from potato were inconsistent with those associated with either potato or S. dulcamara (Fig. 3A, unidentified) . High-resolution melting analysis of the trnL gene correctly identified previous host plant use by 100% of psyllids (Table 1B ; Fig. 3B ).
Gut Content Analysis by Restriction Enzyme Digestion
The restriction enzyme MwoI cleaved the trnL PCR product of potato into two $90-bp products which were observed as a single band on a 2% agarose gel (Figs. 2 and 4) . However, MwoI did not cleave the trnL product of S. dulcamara (Figs. 2 and 4) . The restriction digestion method correctly identified previous host plant use by 100% of psyllids collected from potato and S. dulcamara regardless of whether PCR product was gel purified or used directly following PCR (Table 1C ; Fig. 4 ). However, unused primers present in unpurified products were clearly visible, and these unused primers may interfere with identification of plant DNA within wild psyllids using this method.
Longevity of the Plant Signal
Previous host plant use was correctly identified from each psyllid collected from yellow-sticky cards even if psyllids had been on traps for up to 7 d (Table 1D ).
Discussion
We demonstrate that PCR-based gut content analysis with B. cockerelli can readily identify what plant species the psyllid had previously fed upon. While molecular gut content analysis is commonly used to detect prey consumed by insect predators (Symondson 2002 , Harwood and Obrycki 2005 , Greenstone et al. 2007 , Weber and Lundgren 2009 , Zeale et al. 2010 , few studies have applied this technique to detect host plants consumed by insect herbivores (Jurado-Rivera et al. 2009 , Kitson et al. 2013 , Wallinger et al. 2015 . Those insect herbivores for which gut content analysis has been demonstrated include insects that possess obvious mechanisms of acquiring host plant DNA. For example, gut content analysis has been used to detect host plant consumption by several beetles and weevils (Coleoptera) (Jurado-Rivera et al. 2009 , Kitson et al. 2013 , Wallinger et al. 2015 , which feed by consuming copious amounts of plant tissues. In addition, Hereward and Walter (2012) reported that plant DNA can be detected from Creontiades dilutus (Hemiptera: Miridae), which lacerate and macerate plant cells and ingest the liquefied products (Backus et al. 2007 ). Our study is the first to demonstrate that plant DNA can be detected in an insect which feeds primarily on phloem sap.
We were able to amplify host plant DNA from bleach-treated insects, suggesting that plant DNA was likely detected within ingested contents rather than as a surface contaminant. Because phloem sap is presumably void of DNA, it is unclear how a phloem-feeding insect would acquire plant DNA. Previous reports indicate that >50% of the time spent stylet-probing by B. cockerelli involves contact with the phloem, but that a substantial amount of time ($40%) is also spent probing within nonvascular tissues including parenchyma cells (Sandanayaka et al. 2014 , Mustafa et al. 2015 . Stylet-probing activities within nonvascular tissues are thought to be mostly intercellular, but cells are occasionally penetrated by stylets of B. cockerelli and other phloem feeders Esch 1993, Pearson et al. 2014 ). These cellular penetrations by psyllids could in theory be a source of host plant DNA in the insect's gut. However, our data do not rule out the possibility of an external source of plant DNA in addition to ingested DNA. For example, psyllids routinely scratch the plant surface while feeding (Ullman and McLean 1988) , and host plant DNA could be present on the insects' tarsi. The ability to detect and identify plant DNA in psyllids could provide a new method for studying the landscape ecology of B. cockerelli. Bactericera cockerelli probably requires plant hosts suitable for feeding and survival in the later winter to early spring before emergence of crop hosts, and in autumn following crop harvest (Horton et al. 2015a) . Solanum dulcamara is used as this sort of early-spring "bridge-host" by at least one haplotype of B. cockerelli in the potatogrowing regions of the Pacific Northwest (Swisher et al. 2013a ). However, psyllids may also migrate from other plant species, possibly including Lycium spp., C. arvensis, or other weeds (Horton et al. 2015a,b; Thinakaran et al. 2015) . The uncertainty regarding sources of B. cockerelli entering potato fields complicates management of B. cockerelli and "Ca. Liberibacter solanacearum" in the Pacific Northwest. A motive of our study was to develop a technique that will allow us to identify host plant sources of psyllids as they are captured in flight traps while entering potato fields. We have demonstrated that the sticky adhesive on traps does not interfere with our ability to detect host plant DNA in psyllids, and that the plant-signal persists in dead insects maintained at room temperature for at least 1 wk. However, further studies are required to determine the duration of the plant signal on trapped insects under a variety of field conditions, and to determine the number of clone sequences required to accurately estimate the feeding history of any given insect.
The motivation for using primers for both genomic (ITS) and chloroplast (trnL) DNA and for using three redundant methods (sequencing, melting analysis, and restriction digestion) was to provide multiple independent sources of evidence that host plant DNA can indeed be detected within a phloem-feeding insect. Amplification of chloroplast DNA may be more suitable for detection of ingested plant DNA in wild insects because chloroplast is not present in pollen, thus reducing the chances of surface contamination. In fact, contamination with airborne pollen could account for the inconsistent melting behaviors of ITS products in our study. Although our experiments focused on potato and S. dulcamara as plant hosts, our primers amplified variable regions of the trnL gene from a wide range of plants. The persistence of host DNA in psyllids for up to 1 wk after being transferred to a different host plant species could limit the use of high-resolution melting analysis or restriction digestion to psyllids that have only fed on a single host plant. This may be an unrealistic expectation for wild psyllids if psyllids sample multiple species of plants prior to colonizing a potato field. Although more expensive than other methods, sequencing chloroplast DNA has an advantage over melting analysis and restriction digestion in that it appears more reliable, allows us to identify multiple species of plants fed upon by any given psyllid, and allows us to identify plants not currently recognized as hosts.
In conclusion, we provide the first demonstration that plant DNA can be identified from a phloem-feeding insect. Our results suggest that our understanding of psyllid feeding behaviors-in particular the extent to which psyllids probe within parenchyma tissues and the consequences of that behavior-may be incomplete. Our results also provide a valuable new method with which to study landscape-level ecology of B. cockerelli and other phloem-feeding insects. Future studies will use gut content analysis to identify host sources of B. cockerelli that are entering fields of potato in the Pacific Northwest, and to search for differences among psyllid haplotypes in those landscape-associated patterns.
